Abstract This study examines the main physical processes related to coastal and port engineering that could be altered by future changes in wave parameters as a consequence of climate change. To estimate the order of magnitude of the potential changes in these processes, several assumptions and simplifications are made and, in most cases, they are assessed by using simple, empirical state-of-the-art expressions. The studied processes are grouped in three categories according to whether they affect beaches, harbors or coastal structures in general. The changes in these processes are estimated as a function of the deepwater variations of the main wave parameters: wave height (H 0 ), wave period (T) and wave direction (θ 0 ). A moderate range of variation is assumed for these parameters at deep water (±10 or ±20 % in H 0 and its square root in T, and ±10º in θ 0 ), taking into account recent studies of future wave projections. The results indicate that potential changes in wave height will strongly affect overtopping discharge, stability and scouring of rubble-mound structures and, to a lesser extent, siltation, wave transmission and longshore sediment transport. Changes in wave direction will affect longshore sediment transport in particular and, at a lower magnitude, processes related to port operability (agitation and siltation). Siltation is the only process affected significantly by changes in T alone.
the best-known consequences of the greenhouse effect and the resulting global warming is sealevel rise (SLR), mainly due to melting of ice sheets and thermal volume expansion (e.g. Pritchard and Vaughan 2007) . Despite the great uncertainty regarding future SLR, numerous studies have estimated its impacts on coastal areas (e.g. Stive 2004; Nicholls and Cazenave, 2010) .
Although coastal vulnerability assessments focus mainly on SLR, SLR is not the only physical process of concern to coastal communities. As pointed out by various authors (e.g. Bengtsson et al. 2006; Weisse and von Storch 2010) , the greenhouse effect and the complex interactions of atmospheric processes may produce changes in near-surface wind and pressure patterns, which, in turn, can affect the pattern of another important coastal driver: the wave field.
Numerous studies have reported that changes in ocean wave climate are detectable (e.g. Aumann et al. 2008; Wang et al. 2009 ). Evidences suggest that the number, intensity and location of storms will change (e.g. Wang et al. 2004; Bengtsson et al. 2006; Lionello et al. 2008) . Most of these studies have focused on changes in wave height, whereas little attention has been paid to changes in wave direction or wave period. These two parameters must not be neglected. Even in a situation of constant wave storminess magnitude, rotation of the mean wave direction may have severe consequences because most beach and harbor defense structures were designed assuming a permanent directional distribution of waves. This situation can become critical because a large percentage of coasts are already eroding (e.g. Sánchez-Arcilla et al. 2011 ). Moreover, a higher frequency of coastal storms in the same direction as the harbor mouth could influence port operations by causing increased agitation (Casas-Prat and Sierra, 2012) and siltation. In addition, changes in wave period would affect propagation processes such as shoaling, refraction and diffraction, and therefore they could modify sediment transport patterns or wave penetration into harbors.
In recent years, a number of studies have analyzed the potential impacts on specific coastal areas of wave changes due to climate change, focusing in particular on coastal erosion (e.g. Coelho et al. 2009; Zacharioudaki and Reeve 2011; Casas-Prat and Sierra 2012) and harbor operability Sierra 2010, 2012) .
This paper provides an overview of the main impacts that changes in sea wave patterns produced by climate change can have on coastal areas. These impacts are analyzed simply and generically, and the expected effects on different processes are roughly quantified (obtaining orders of magnitude) as a guideline for further coastal impact assessment. Effects on other maritime areas of interest such as navigation and offshore structures are not analyzed. Moreover, the effect of SLR is not taken into account, although the combination of SLR with changes in sea wave patterns can enhance some negative impacts on coastal areas.
In Section 2, we identify the main physical coastal processes that can be affected by changes in the wave field and describe the followed methodology to quantify such affectation. In Section 3, we present the results thus obtained for each process. Finally, in Section 4, along with a discussion and inter-comparison of the results, we present the conclusions of this study. Table 1 presents the wave-induced processes and consequent coastal impacts identified and analyzed in this study that are relevant for coastal and port engineering, being their relationship with mean and extreme wave climates qualitatively indicated as high, low or none. The study therefore assesses physical impacts without examining socioeconomic or ecological effects.
2. Methodology
The analysis is separated in three categories according to whether waves affect (sandy) beaches, harbors or coastal infrastructures in general. Overtopping and scouring, for example, are problems that can affect either harbor breakwaters or coastal seawalls, but, owing to their singularity, harbors might face additional problems, like excessive agitation. The effect of climate change on each system affected is assessed in terms of the relative variation of each process studied (using the measured parameter given in Table 1 ) as a function of relative variations in the following wave parameters at deep water (denoted by the subscript "0"): significant wave height (H 0 ), peak wave period (T) and mean wave direction (θ 0 ) (based on the linear wave theory we assume that T remains the same as waves propagate).
For the sake of simplicity, we aim to evaluate the affectation of each wave parameter independently. However, since both H 0 and T depend on wind speed (whose magnitude is predicted to vary in the future climate), both parameters are expected to change together often, particularly in areas where swell does not prevail. For this reason, in this study we consider that both parameters vary simultaneously as a result of wind influence. Nevertheless, Hemer et al. (2013) found that T can increase while H remains the same in areas where the swell component is important. Therefore, we examine the impacts due to variations in i) H 0 and T together, ii) T alone and iii) θ 0 alone. Indeed, the three parameters could all change together, such that their effects would superimpose nonlinearly, but this is not assessed in the present study.
The range of variation of H 0 is based on the work of Hemer et al. (2013) , who projected maximum variations (at the global scale) in the mean H 0 of 10 % by the end of the century. This rate, however, is expected to be higher in regard to the extreme wave climate due to the nonlinear relation between wave height and wind speed. Casas-Prat and Sierra (2013), for instance, obtained changes in the 50-year return period of H 0 of up to 20 % on the Catalan coast by 2,100, but a lower maximum expected change in the median H 0 (around 10 %). Taking into account these results, the maximum variation of wave height due to climate change considered in this study is ±20 % for extreme waves and ±10 % for mean wave climate. Given that, we assume that T varies at a rate equal to the square root of the (relative) wave height change (see Eqs. 1 and 2) because, for fully developed seas, H 0 is proportional to the square of wind speed while T is proportional to wind speed (Resio et al. 2002) .
where κ is the ratio between future and present wave height. In this study, 0.8≤κ≤1.2 (extreme waves) or 0.9≤κ≤1.1 (mean wave climate), and the subscripts F and P indicate future and present conditions, respectively. The variation of T alone (just Eq. 2) is only considered for those processes mainly affected by the mean wave climate (and therefore 0.9≤κ≤1.1) because swell events are not the dominant feature during storm conditions. Meanwhile, for the mean wave climate the variations due to θ are assessed as:
Where θ is measured as the angle between the wave front and the shoreline or structure orientation and Δθ is the variation between present and future conditions (limited to ±10º as obtained by Hemer et al. (2013) ). For the extreme wave climate, the worst condition for the beach or structure, i.e. perpendicular incidence of the waves, is considered for both present and future situations (therefore, θ 0P =θ 0F =0).
The rate of change of the analyzed processes is computed analytically where possible, as a function of the rate of change κ of the driving wave climate. For several processes, however, this simple approach cannot be followed and it is necessary to involve also present/future wave parameters and/or structure characteristics. A range of case studies is considered to cover the most representative wave and structure parameters. To account for the variability introduced by such degree of uncertainty, the 90 % confidence levels (as the 5 and 95 percentiles) of the rate of change of the analyzed processes are computed together with the mean value. Table 1 summarizes the methods and formulations used; for further details refer to the Supplementary Information.
Potential impacts on beach dynamics
It is well accepted that changes in ocean wave climate (location, frequency, direction and severity of ocean storms) will bring about changes in the locations and magnitudes of coastal erosion and accretion in the future (Stive et al. 2002) . Additionally, with future changes in wave climate and water levels, coastal flood risk will increase, affecting the sustainability of coasts worldwide. In this paper, we examine the potential impacts of wave changes on sandy coasts, focusing on variations in both longshore sediment transport (LST) and cross-shore sediment transport (CST), as well as the flooding caused by the wave-induced run-up.
As waves approach the coast, they break and generate a long-shore current causing the LST. This process, driven by the mean wave climate, controls the long term beach dynamics and the patterns of erosion and accretion. We analyze the impact of wave changes on this process in terms of the volume variation of sediment (per unit length and unit time, ΔV l ), which is governed by alongshore gradients in LST rates, here computed according to SPM (1984) .
On the contrary, CST and beach flooding are mainly forced by the extreme wave climate, being relevant at event or seasonal time scales. CST governs the short term beach dynamics and encompasses both offshore and onshore transport. The impact on CST is assessed here by means of the wave contribution to the storm erosion potential (ER), as defined by Jiménez et al. (2012) . In turn, waves contribute to beach inundation due to the combination of the wave set-up and the wave swash caused by waves breaking in the nearshore. The impact is assessed in terms of the distance flooded d (Mase, 1989) .
Potential impacts on ports
Besides coasts, ports are the infrastructure most likely to be affected by changes in wave climate. Changes in wave conditions can affect the wave height pattern within harbors, as shown by Sierra (2010, 2012) for some ports on the Catalan coast. In this paper, we analyze the impact on two processes that are very important for port operability: agitation and siltation. Episodic extreme waves may affect these processes but the analysis is centered in the (persistent) mean wave climate, that controls the common (long-term) operational problems.
The agitation within a harbor depends not only on the wave parameters but also on port features and the surrounding environment: geometry, bathymetry, reflectivity of structures, etc. In other words, agitation is case-specific and each harbor has its own pattern. Because of the numerous factors involved, agitation cannot be simplified or estimated using a single formula. As a consequence, more complex tools such as numerical models, which require a large amount of case-specific information (e.g. harbor layout), must be used to study agitation. It is therefore impossible to obtain results that can be generalized and applied to all harbors. Nevertheless, in order to roughly estimate how changes in wave parameters can affect port agitation, we analyze wave propagation under changing wave parameters in a port with a simplified geometry. Such agitation is assessed by the mean wave height due to agitation inside the port (H a )
In addition, many ports throughout the world suffer from considerable siltation, which entails expensive maintenance dredging. Winterwerp (2005) described the siltation rate as a function of a number of processes: horizontal entrainment, tidal filling, fresh/salt-driven density currents, warm/cold density currents and sediment-induced density currents. The siltation produced by any of these processes is basically affected by the sediment availability outside the harbor and the water movements that can mobilize such sediment towards the inside. In this study, we focus on the second aspect only considering the wave influence and therefore neglecting other effects. We assess the siltation in terms of the (wave) sediment carrying capacity, S W ). We consider therefore the sediment that could potentially enter the harbor given certain wave conditions, assuming unlimited supply of sediment. Such wave conditions are derived from the wave height fields near the harbor entrance obtained with the simulations previously carried out to evaluate the agitation problem.
Potential impacts on coastal structures
We also examine the potential impacts of changes in wave parameters on a series of processes related to coastal structures: stability, overtopping, scouring, wave reflection and wave transmission. These processes can affect structures located either on coasts or in harbors and are principally controlled by the extreme wave climate, except for the last two, for which the mean wave climate is also relevant. In order to compute the impact associated to each process for present and future conditions, additional parameters are involved in the computation, basically those related with the structure layout.
The first process studied is structure stability. We consider the stability of common rubblemound breakwaters, whose design is based on the computation of the weight (W) of the armor units in the primary cover layer. In this case, instead of studying the direct impact on structure stability, we assess the necessary changes in the dimensioning of the structure, i.e. in terms of W. We use Hudson (1961) 's empirical formula, in which W depends on the design wave height at the structure toe (H s ), obtained from extreme wave climate analysis.
Another analyzed process is structure overtopping. Overtopping occurs when the wave runup obtained under extreme wave conditions exceeds the structure freeboard. The amount of allowable overtopping depends on the function of the particular structure. Certain functionssuch as berth for vessels, roadways, storage areas or buildings located just behind the breakwater-put restrictions on the allowable overtopping discharge (Burchart and Hughes 2003) . This discharge depends mainly on the water level and the nearshore wave height, although only the latter is considered in this study. To obtain the overtopped discharge, the empirical expression of Pullen et al. (2007) is used.
Scouring, the removal of granular bed material by hydrodynamic forces in the vicinity of coastal structures, is another process analyzed here. This phenomenon can lead either to partial damage or, in some cases, to the complete failure of all or portions of a structure (Burchart and Hughes 2003) and is particularly sensitive to extreme waves. To compute the scouring at the toe of a rubble-mound breakwater we use Sumer and Fredsøe (2000) formula that serves to estimate the scour depth (S).
In addition, when a wave encounters an obstacle such as a coastal structure, part of the wave energy is diverted and propagated in another direction causing wave reflection. This reflected wave can transport energy to unwanted areas, such as the interior of a harbor (increasing the agitation within it) or a beach (producing more erosion). Therefore, changes in reflected wave heights can cause adverse effects in coastal areas that must be foreseen. This process is sensitive to both mean and extreme wave climates. The empirical equation obtained by Sorensen and Thompson (2002) from laboratory experiments is used to estimate the reflected wave height (H r ).
Finally, when waves interact with a structure, a portion of their energy may pass over and through the structure, generating waves behind it. This process is known as wave transmission.
Like in wave reflection, both the mean and extreme wave climates are important in the study of this process, which is performed using the transmitted wave height (H t ). Wave transmission is particularly important in low-crested structures, especially rubble-mound ones, which have greater porosity. To compute wave transmission we use also an empirical expression: D' Angremond et al. (1996) .
Results

Changes in wave height and period
In this Section, we analyze the changes in the processes mentioned in Section 2 produced by variations of H 0 and T by a factor of κ and κ 1/2 respectively. Figures 1 and 2 show the results concerning the mean and extreme wave climate, respectively, when H and T vary together. In the case of coastal structures, they are divided into coastal and port environments, which typically have different dimensions and configurations. Variable P in the y-axis denotes generically "parameter estimated", being different for each process (see Table 1 ). Figure 1a compares the results obtained for LST, agitation and siltation. Siltation and agitation exhibit, respectively, the largest and lowest range of variation.
Siltation is very sensitive to changes in H and T. The ratio of future and present S W is considerably larger than κ, ranging on average from −37 to +35 %. On the other hand, the other relevant process related to port operability (agitation) show on average a rate of increase/ decrease similar to κ. A 10 % increase (decrease) in H 0 (and the corresponding decrease in T) yields, on average, a 12 % (13 %) increase (decrease) in H a . For both siltation and agitation, these changes are averages over the 240 simulations performed. The 90 % confidence levels are also shown in Fig. 1a and Table 2 indicating a higher level of uncertainty for siltation.
Eroded beach volume caused by LST varies by a factor of κ 5/2
. For the analyzed range of change (0.9<κ <1.1), this means that the ratio of future and present ΔV l varies between −23 and +27 % (Fig. 1a) . In Fig. 1b , the changes in the reflection and transmission wave heights due to changes in H 0 and T for mean wave climate are shown separately for coastal and harbor structures. The variations in H r are practically the same as those in the incident wave height because the reflection coefficient K r (the rate between incident and reflected H) does not significantly vary as a function of H and T. Even the 90 % confidence levels hardly differ from this pattern. Differences between the two types of structure are barely noticeable. In contrast, for H t , the rate of variation depends on the environment considered. H t undergoes smaller changes (−10 to 12 % on average, similar to those of H r ) for port structures (−15 to +20 % on average for coastal ones) due to the greater freeboards and the assumption that such structures are impermeable and allow a low transmission of wave energy. Moreover, transmission in coastal structures has associated a higher level of uncertainty.
When T changes alone (case ii of Table SM1 ) the analysis of the processes controlled by the mean wave climate indicates that only siltation is significantly affected (−15 to +17 % on average). The other processes experience variations at a rate lower than 3 % (≤ κ 1/2 ). Figure 2a sets against results corresponding to beach processes driven by extreme wave climate and affecting coastal areas: CST, flooding and structure overtopping, stability and scouring. Figure 2b shows the results for the last three processes affecting ports. CST and beach flooding have the lower rate of variation, especially CST that varies by a factor of κ 1/4 : 20 % increase in H 0 causes a 5 % increase in ER. Therefore, although the change of extreme H 0 is supposed to be higher than for the mean H 0 , changes in CST are expected to be lower than changes in LST, in terms of the parameters studied.
The flooded distance varies linearly with respect to relative variations of H 0 . Therefore, the potential impacts on coastal flooding due to higher and longer waves are of the same order as the ratio of increase in wave height (κ), although their main effect will probably be to enhance the consequences of storm surges and SLR.
Concerning stability, we see that the ratio between the necessary weight of a rubble-mound structure under future and present conditions is slightly greater for coastal structures than for port breakwaters (Figs. 2a and b) . On average, a 20 % increase in H 0 would require stones up to 84 % (coastal structures) or 72 % (port breakwaters) heavier. If the same units were kept in the armor layer of the breakwater, they might be moved from their original position or even removed from their location, thereby generating instability and eventually the destruction of the breakwater due to the increase of H. On the contrary, waves with a 20 % smaller H 0 would need on average blocks up to 52 % (coasts) or 48 % (ports) lighter, so the stability of the structure would be increased in this case.
Figures 2a and b also present the average ratio (and the 90 % confidence levels) between future and present overtopping, the process that mostly varies with changes in the extreme H (and T). Increases of 10 and 20 % (in H 0 ) can induce on average, respectively, overtopping discharges 67 and 159 % greater than the present values in the case of coastal structures and 96 and 249 % greater in the case of port breakwaters. Although coastal structures have lower freeboards, the ratio of overtopping is greater for port structures probably because coastal structures are located in shallower waters and the largest waves-those which produce the largest overtopping discharges-break before reaching such structures. The large sensitivity of overtopping to H 0 increases will be particularly critical in structures that already have overtopping problems. Moreover, in the context of climate change, we must take into account that these potential changes will most likely be accompanied by SLR, which in turn will reduce the crest freeboard of coastal structures, further increasing overtopping discharges.
Scouring is the last process plotted in Figs. 2a and b. As expected, it will be lower (greater) for future lower (greater) H and T. It has been found that this variation is greater (in relative value) as the ratio between water depth and wave period (or wave length) increases (see Figure SM4 ). This can be explained by the fact that, for relatively large depths-typically associated with ports rather than with coastal structures-the absolute value of scouring is low and, therefore, even small absolute variations can give rise to large rates of variation. Consequently, changes in scouring between future and present conditions are greater for port breakwaters (+75 and −52 % on average) than for coastal structures (+47 and −38 % on average). The processes with a higher level of uncertainty (as shown by 90 % confidence levels) are overtopping and scouring (ports).
Finally, Fig. 2c shows the same processes as Fig. 1b but affected by extreme wave climate. Apart from a larger range of variation (0.8<κ<1.2), there are differences in the wave climate for the present situation, that obviously consider more energetic waves than for the mean wave climate. These variations barely affect the pattern of change of H r , that varies at the similar rate as the incident wave height. In the case of H t , however, different results are obtained compared to the mean wave climate. In average, port structures undergo larger changes in H t . This could be explained by the fact that, because these structures are located at greater depths, they are exposed to higher waves and, as a consequence, greater amounts of wave energy are transmitted to the lee side of the structure. By contrast, coastal structures are located in shallower waters and the largest waves break before reaching the structure. From Fig. 2c we can derive that a 20 % decrease in H 0 can cause on average decreases of up to 30 % (coasts) or 33 % (ports) in H t while a 20 % increase in H 0 can give rise on average to increases of up to 33 % (coasts) or 39 % (ports) in H t , with high levels of uncertainty for large values of κ
Changes in wave direction
In this section the processes that suffer from variations in the wave direction are assessed (case iii of Table SM1 ). They are those affected by the mean wave climate: LST, agitation, siltation, wave reflection and wave transmission. As seen later on, the least affected are the last two processes whereas the largest variations are encountered for LST (for nearly perpendicular waves).
In Fig. 3 the variations in LST rates are plotted as a function of Δθ 0 for different angles for the present conditions (θ 0P ). We can see that, for a given value of Δθ 0 and for waves with less oblique incidence (θ 0P <45º), the smaller the value of θ 0P , the greater the changes in LST rates (the smallest variations are obtained for θ 0P =45º). On the contrary, for highly oblique waves (θ 0P >45º), the larger the value of θ 0P , the greater the changes, but these changes are less pronounced than in the case of θ 0P <45º. Note that, for a 45º angle, any change in wave direction produces only small relative changes in LST rates because LST rates have their highest values at this angle. On the contrary, for 90º/0º angles (incidence parallel/perpendicular to the shoreline), the present LST rate is zero, so the relative changes (according to Eq. SM8) would be infinite. As explained in Supplementary Information, these variations in LST rates coincide with the changes in beach volume. Figure 4a shows how changes in agitation are conditioned to θ 0P . For a given value of Δθ 0 , the waves with the most direct incidence towards the mouth of the harbor (positive θ 0P ) are associated with the largest changes in the agitation coefficients. In general, a 10º decrease in wave angle entails a decrease of up to 22 % in the average H a , while a 10º increase in wave angle entails an increase of up to 20 % in the average H a . Note that these variations are higher than the ones obtained when varying the wave height and period. Figure 4b presents for the same cases considered for Fig. 4a , how siltation is affected by changes in wave direction. A singular pattern for high negative angles (less incidence towards the mouth) is obtained, since siltation increases in value at a greater rate than for positive angles. This is probably due to the lower absolute values of siltation obtained for large negative angles, because a small increase in absolute magnitude can cause large increases in relative value.
A similar analysis is performed in order to estimate the changes on wave reflection. We found that variations in K r (and therefore in H r ) are negligible, with values lower than 0.2 %. With also relatively similar low rates, the ratio of H t ranges from 0 to 1.4 % for coastal structures, while this value is negligible (<0.1 %) for port structures. The angle of wave attack has no or only marginal influence on K t for rubble-mound breakwaters (the most common type), as pointed out by van der Meer et al. (2005) . Therefore, for rubble-mound structures it can be assumed that H t does not change if the wave direction at the structure varies. Nevertheless, since we are assuming changes in deepwater wave direction, we must account for changes in the propagated wave height from deep water to the structure due to the different wave direction, which leads to the aforementioned slight changes.
Discussion and conclusions
The main objective of this paper was first to identify the physical processes in coastal areas most affected by changes in wave parameters, and second, to analyze the degree of dependence of these processes on the corresponding driving wave parameters. We have therefore reviewed the main physical processes relevant to coastal/port engineering that could be altered by future variations in wave climate as a consequence of climate change. An order of magnitude of the changes in these processes has been estimated as a function of the variations (at deep water) in the main wave parameters that control wave propagation: wave height (H 0 ) and period (T) together, due to their close relationship, T alone (changes generated by the swell influence) and wave direction (θ 0 ). A moderate range of variation is assumed for these parameters (±10 or ±20 % in H for mean and extreme wave climate, respectively, its square root in T and ±10º in θ). As mentioned above, H, T and θ could change simultaneously, so their impact would be superimposed in a nonlinear way not estimated in this study. Due to the complexity of the analyzed processes, a number of simplifications and assumptions has been made in order to perform this study. Therefore, results shown in Table 2 should be taken as an indication and properly calibrated for the zone where the impact assessment is carried out. Nevertheless, the results still give us a general idea of the most affected physical coastal processes given a future wave climate change scenario which can be very useful in the prioritization of further detailed coastal impact studies. As expected, for the processes that take into account several case studies, the level of uncertainty increases with the magnitude of the changes in wave parameters.
From Table 2 , we conclude that changes in H 0 and T will strongly affect overtopping discharge, stability and scouring of rubble-mound structures and, to a lesser extent, siltation, wave transmission, LST and port agitation. Beach flooding and wave reflection would change at the same rate as wave height, while CST would change at lower rates than wave height.
The changes in wave period alone affect significantly port siltation (−15 to +17 %) in agreement with the general understanding that long period waves increase suspended sediment concentration transported by waves ), while the other processes vary at a lower rate than T itself (≤ ±3 %).
As for the wave period, the variations produced by changes in wave direction have been studied only in processes dominated by the mean wave climate. Among these processes, the one most affected by potential changes in wave direction is the LST rate, which could undergo huge variations in magnitude. Processes related to port operability (agitation and siltation) are also sensitive to changes in wave direction. By contrast, the effects of changes in wave direction on wave reflection and wave transmission are almost negligible in magnitude.
The main conclusion of this study is that plausible changes in wave conditions due to climate change could greatly affect both harbors and coasts due to the nonlinear relations governing the processes studied. In the case of harbors, increases in wave height could force port authorities to make large investments to reinforce breakwaters against instability or to increase their freeboard to limit overtopping discharge. Moreover, berms or other defense methods could become necessary to reduce structure scouring that could result in damage, or even destruction, of breakwaters. Finally, other possible consequences of changes in wave conditions (in particular, wave direction) could make it necessary to design new structures or even make major changes to port layout (at considerable economic cost) in order to avoid excessive siltation or agitation within the harbor.
Modifications in wave conditions could involve major changes in beach dynamics due to significant variations in LST rates and, consequently, the need to take major coastal defense measures (e.g. beach fills, new coastal structures). As in the case of ports, coastal defense structures could be affected by instability, overtopping and scouring. This could make it necessary to reinforce these structures or build berms to prevent them from being damaged or collapsing. It might also be necessary to increase the freeboard of seawalls in order to protect maritime promenades or seaside infrastructure (roads, railways, buildings) from overtopping. All of these measures would obviously entail considerable costs.
Since even small changes in wave climate can lead to large impacts on coastal processes, it is necessary to raise awareness among coastal and port authorities and other stakeholders about the potential impacts of climate change on coastal areas. These impacts include not only those caused by SLR but also those driven by wave climate. The identification of potential future vulnerabilities and risks can facilitate the process of designing appropriate adaptation responses.
Finally, we want to stress that our impact assessment has only involved physical parameters. To perform an integrated assessment of these impacts and the risk associated to coastal areas, it would be necessary to take socioeconomic aspects into account (e.g. Arnell et al. 2004; Nicholls et al. 2008 ) that would also facilitate the inter-comparison between different impacts.
